Abstract-In this paper, we propose and demonstrate a bidirectional radio-over-fiber (ROF) system using a reference signal distribution. In order to minimize the radio-frequency (RF) signal attenuation as well as limit the transmit power to moderate levels, small cell size, or picocell is used in the ROF system. This will result in the need of many base stations (BSs) to provide sufficient network coverage. Because of this, colorless remote antenna unit (RAU) with optical carrier generated and distributed from the head end (HE) is employed. Experimental results show that error-free signal transmission and remodulation using downstream differential phase shift keying (DPSK) and upstream ON-OFF keying (OOK) is achieved in a 20-km reach ROF system. Experimental characterization of the reflective semiconductor optical amplifier (RSOA)-based remodulation unit is also performed. Numerical simulation is performed to compare the proposed scheme with several conventional optical millimeter-wave (mm-wave) schemes, including double sideband (DSB), optical carrier suppression (OCS), and single sideband (SSB). Results show that the proposed scheme could be a potential candidate to mitigate signal distortions due to signal fading and code time shifting.
[1]- [6] . For the broadband wired system, passive optical network (PON) is considered as a promising candidate to replace the copper-based approaches due to its high data throughput and cost effectiveness [7] [8] [9] [10] [11] [12] [13] . The first generations of gigabit PONs (GPON) have now been standardized and typically offer 1-2.5 Gb/s downstream and 1 Gb/s upstream. For the wireless communication, it is now entering a new phase where the focus is moving from voice to high bandwidth (BW) multimedia services. In order to support high data rate wireless communication in the future, wireless system would utilize millimeter-wave (mm-wave) as the signal carrier. We can see that many research efforts have been made at the 60-GHz band [14] [15] [16] [17] [18] [19] or above [20] . However, due to the relatively high atmospheric attenuation in the mm-wave frequency band, and maintaining the high signal-to-noise ratio (SNR) at the receiver (Rx) while limiting the transmit power to moderate levels, each mm-wave base station (BS) has to reduce the cell size (picocell) [21] . The use of picocells in the wireless communication system will result in the need of many BSs to provide sufficient network coverage, and thus greatly increase the cost of the overall system. In addition, the small cell size will increase the network burden during mobile state (MS) hand-off, since the users could travel through several picocells in a short period of time.
Because of this, radio-over-fiber (ROF) system [22] [23] [24] [25] [26] [27] using BS to extend radio-frequency (RF) signal connection and distribution has been proposed to simplify the network architecture and reduce the cost. Optical fiber is an excellent medium for RF signal transmission due to the very high BW, low loss, light weight, small cross section, and low cost. In this ROF system, a head-end (HE), which consists of an optical-to-electrical (O/E) and an electrical-to-optical (E/O) modules, is connected to the BS. A remote antenna unit (RAU) will be used in each picocell. Many picocells can be connected to the HE by optical fibers. In order to improve the utilization of the fiber BW and increase the network coverage, wavelength division multiplexing (WDM) can be used.
The generation and transmission of optical mm-wave are crucial in ROF systems. When the signals that are carried by the optical mm-wave are propagating in optical fiber, chromatic dispersion causes signal distortions. The double-sideband (DSB) optical mm-wave signal suffers both the fading effect (fading leads to cosine-like signal power fluctuation along the fiber) and the time-shifting of data codes [28] , [29] . Optical carrier suppression (OCS) optical mm-wave signals have been proposed [28] , [29] to mitigate the fading effect. However, code time shifting is severe, and distorts the signal leading to eye closure after transmission. Single-sideband (SSB) optical mm-wave may reduce the code time shifting, however the immunity depends on the generation methods [29] , [30] .
In this work, we propose and demonstrate a 80-GHz bidirectional ROF link with reference signal distribution. As mentioned before, due to a large number of RAUs required for the mm-wave ROF system, colorless RAU with optical carrier generated and distributed from the HE is employed. This can reduce the inventory cost, since wavelength specific or wavelength tunable light source is not required at the RAU. Centralized wavelength control is used at the HE. In the experience, reflective semiconductor optical amplifier (RSOA) is used as the colorless modulator inside the RAU. RSOA is generally considered as a potential low-cost and relatively high data rate device. It has low polarization-dependent gain. Recently, 10-Gb/s RSOA has been implemented [31] . In the proposed scheme, the upstream data is modulated onto the downstream data by wavelength reuse [32] [33] [34] . Transmission comparison with the DSB, OCS, and SSB optical mm-wave signals is performed by means of numerical simulations, showing the proposed system with reference signal distribution may mitigate signal fading and code time shifting.
This paper is organized as follows. In Section II, we will describe the architecture for the proposed ROF system. Section III reports the experimental results. In Section IV, we will numerically study the performance of the baseband signal and the RF down-converted signal at different atmospheric attenuations. In Section V, we will compare the proposed scheme with the DSB, OCS, and SSB optical mm-wave signals. Finally, conclusions are given in Section VI.
II. ARCHITECTURE Fig. 1 shows the schematic of a typical picocellular system inside a building. The fiber infrastructure connects many RAUs to the HE. The RAU merely consists of a simple electronic control circuit and a pair of O/E and E/O converter. For the downstream communication, the electrical data will be first converted to optical signal by the E/O converter at the HE. The optical data will then be transmitted to the RAU, where the O/E module will convert the optical data to electrical data, which will then be emitted by the antenna to the MS. For the upstream traffic, the E/O converter at the RAU will convert the received RF signal from the antenna to optical signal. The signal will detected by the O/E converter at the HE. In order to further reduce the cost of the RAU, a single antenna with a switch (SW) can be used for both upstream and downstream communications by using the time-division duplex (TDD) mode (Fig. 2) . Fig. 3 shows the proposed architecture of the ROF system using reference signal distribution. For the downstream link, the optical reference signal is generated by modulating the continuous wave (CW) via a Mach-Zehnder modulator (MZM) at the HE. In order to produce the optical two tone for optical mm-wave generation, the direct current (dc) bias of the MZM is set to a minimum transmission and driven by a 20-GHz sinusoidal signal. Hence, DSB with suppressed carrier optical modulation is achieved, and the first-order sidebands with frequency separation equal to twice the modulating signal frequency is observed at the output of the MZM. The downstream data is encoded using differential phase-shift keying (DPSK) modulation via a phase modulator (PM). The downstream data can be used for both wireless and wired optical communication.
It is transmitted at another wavelength, which is 100 GHz away from the wavelength of the reference signal. To improve the coherence of the laser courses, dual-wavelength laser [35] or phase-locked laser (PLL) with mode spacing of 100 GHz can be used. Both the optical reference signal and the downstream signal are wavelength multiplexed by a standard arrayed waveguide grating (AWG) [Gaussian-shaped, 100-GHz channel spacing with 3-dB width of 50 GHz]. In this scheme, multiple ROF channels can by supported by using alternative reference and DPSK data channels aligning with the AWG passband as shown in the inset of Fig. 3 .
The downstream data signal and the optical reference signal are then transmitted through a standard single-mode fiber (SMF) to the remote node (RN), which then distribute the data to different RAUs. The optical reference and the downstream signals are wavelength demultiplexed at the RN. The optical reference signal can be power divided via a passive fiber splitter to an optical with BW of 40 GHz at the RAU to retrieve the 40-GHz electrical clock source, which could be used for the upstream data down-conversion from RF to baseband.
At the RAU, a high BW ( 80 GHz) optical is used to obtain the electrical mm-wave signal for the antenna. The electrical mm-wave is produced by beating the optical reference signal and the downstream demodulated DPSK signal inside the optical . For the wireless communication, a bandpass filter (BPF) with center frequency at 80 GHz (BW of 20 GHz) is used after the to retrieve the mm-wave signal. A low-pass filter (LPF) with 3-dB bandwidth of 10 GHz can be used to retrieve the 10-Gb/s optical data for wired communication. As shown in Fig. 3 , the downstream DPSK signal is power divided into two equal parts. One part is launched into a delayed interferometer (DI) with 100-ps delay for demodulating the 10-Gb/s DPSK signal into intensity modulated signal. The other half of the downstream signal is then launched into an intensity modulator (MOD), which is driven by a baseband nonreturn-to-zero (NRZ) upstream data for signal remodulation. The upstream NRZ ON-OFF keying (OOK) signal will then be transmitted back to the at the HE. The baseband NRZ data can be obtained by mixing the clock signal (retrieved from the optical reference signal as described before) and the received upstream signal from the antenna. A single antenna with an electrical SW is used for both upstream and downstream communications in TDD mode.
III. EXPERIMENT Fig. 4 shows the experimental setup of the ROF system. The downstream DPSK signal was modulated at 10 Gb/s, pseudorandom binary sequence (PRBS), at one wavelength which is 100 GHz away from the wavelength of the optical reference signal). Both the optical reference and the DPSK signals were then transmitted through 20-km SMF without dispersion compensation. At the RAU, a 100-GHz channel spacing, Gaussian-shaped AWG was used to wavelength demultiplexed the optical reference and the DPSK signals. The DPSK signal was power divided by a 3-dB fiber splitter. One part was demodulated by the DI of 100 ps. The demodulated DPSK signal was then combined with the optical reference signal and launched into the optical Rx. An optical Rx with LPF bandwidth of 10 GHz was used to obtain the 10-Gb/s demodulated DPSK data for wired communication. Due to the unavailability of 80-GHz optical Rx and the 80-GHz electrical BPF, numerical simulation was used for the characterization; and this will be reported in Sections IV and V.
The other part of the undemodulated DPSK signal was launched into the MOD, which was an MZM used to produce the 10-Gb/s upstream optical OOK data. We also considered the case of asymmetric downstream and upstream transmissions. In this case, the downstream optical signal was then launched into a reflective semiconductor optical amplifier (RSOA), which was driven by a baseband 2.5-Gb/s NRZ upstream data for signal remodulation. The upstream OOK signal was then transmitted back to the Rx at HE. Fig. 5 shows the bit error rate (BER) measurements of the downstream and upstream signals at back-to-back and after 20-km transmission without dispersion compensation. Fig. 5(a)-(c) shows the experimental eye diagrams of 10-Gb/s downstream demodulated DPSK signal (using the 10-GHz electrical BPF to remove the high-frequency components detected by the Rx at RAU), upstream remodulated 10-Gb/s OOK signal, and upstream remodulated 2.5-Gb/s OOK signal using RSOA. We observed about 1.7-dB power penalty in the downstream demodulated DPSK signal. As described before, half of the downstream signal was launched into the RSOA for signal remodulation to produce the upstream signal. Due to the constant intensity of the downstream DPSK signal, only a small power penalty of 0.5 dB was observed in the upstream OOK signal after the 20-km transmission. The target 10-Gb/s signal carried by mm-wave at 80-GHz frequency band could be obtained by using an electrical BPF with center frequency of 80 GHz and BW of 20 GHz connected to a high-speed optical Rx. Numerical simulation will be described in next section.
We also studied the different operation conditions of the RSOA used at the RAU. Fig. 6(a) shows the Rx sensitivities of the upstream OOK signal under different launched powers when the RSOA was dc biased at 95 mA. We can observe that the Rx sensitivity is minimum, and starts to saturate at launched power of 2 dBm. Rx sensitivity of 23 dBm was measured when the input power to the RSOA is about 10 dBm. Fig. 6(b) shows the Rx sensitivities of the upstream OOK signal under different dc biases, when the input downstream signal to the RSOA is at 0 dBm. We can also see that the optimum dc driving current to the RSOA is 85 mA. It is also worth mentioning that synchronization between the downstream and remodulation upstream signals is not required. Fig. 6(c) shows the measured Rx sensitivities of the upstream OOK signal under different delays of the downstream DPSK signal when the RSOA was dc based at 95 mA and the input optical power was about 0 dBm.
We also experimentally characterized our 40-GHz optical reference signal (clock signal) by studying the SSB noise spectrum (Fig. 7) . In this measure, the optical Rx was a 40-GHz PIN photodiode connected to an RF spectrum analyzer (HP8564E). The SSB noise spectrum of an electrical 40-GHz signal generated by an RF frequency synthesizer (Agilent E8244A) was also given for comparison. We observed that the SSB noise of the 40-GHz signal generated by the optical means shows similar performance when compared with the frequency synthesizer. It is about 95 dBc/Hz at the spot frequency of 10-kHz offset. 
IV. NUMERICAL ANALYSIS
Numerical simulations were performed using VPI Transmission Maker V7.5. For our proposed scheme, we used a dualwavelength PLL with frequency separation of 100 GHz. The laser linewidth is 10 MHz. DPSK signal of 10 Gb/s was encoded at one wavelength. On the other wavelength, the optical reference signal was generated by biasing an MZM at transmission minimum and driven by a 20-GHz sinusoidal signal. Hence, DSB with suppressed carrier optical modulation was achieved. Both signals are wavelength multiplexed by an AWG (Gaussian-shaped, 100-GHz channel spacing with 3-dB width of 50 GHz). They were then transmitted through 20 km SMF (dispersion parameter 17 ps/nm/km). They were wavelength demultiplexed by another AWG. Half power of the DPSK signal was demodulated by the DI of 100 ps. The demodulated DPSK signal was then combined using fiber coupler with the optical reference signal, and launched into the optical Rx. Fig. 8(a) shows the simulated optical spectra of the data and reference signals and Fig. 8(b) shows the simulated RF spectra of different electrical components detected at the downstream Rx inside the RAU. In Fig. 8(b) , we can observe the baseband 10-Gb/s data, a 40-GHz tone (generated by the reference signal itself), a 10-Gb/s data on 80-GHz carrier (generated by the coherent beating between the DPSK and the lower sideband of the reference signal), a 10-Gb/s data on 120-GHz carrier (generated by the coherent beating between the DPSK and the upper sideband of the reference signal). We used a 40-GHz bandwidth optical Rx in the experiment to confirm the photomixing processing. Fig. 8(c) and (d) shows the experimental and simulated eye diagrams of the optical mm-wave signal detected at the RAU (Fig. 3 ) by using Rx with an LPF bandwidth of 40 GHz. We observed a good match in eye-shape between them. Since the BER tester and the RF synthesizer were not synchronized, we cannot observe the sinusoidal signal at the top and bottom of the experimental eye in Fig. 8(c) . Then, by inserting an electrical LPF with BW of 10 GHz after the optical Rx, the baseband 10-Gb/s intensity modulated signal can be clearly observed by removing the high-frequency components. Fig. 8(e) and (f) shows the experimental and simulated eye diagrams of the baseband 10-Gb/s signal, respectively.
Then, simulations were performed for the RF signal (10-Gb/s data on 80-GHz carrier) analysis. Two different optical launched powers to the inside the RAU in Fig. 3 ( 31 and 28 dBm) were studied. Launched power of 31 dBm was chosen due to the error-free demodulated DPSK condition as shown in Fig. 5 . RF amplifiers (20-dB gain, noise 3 dB) were used in the RAU and the MS, respectively. Fig. 9 shows the simulated Q (decibels) values of the down-converted OOK signal at the MS under different atmospheric attenuations between the RAU and the MS, showing the atmospheric attenuation can up to 55 dB for the optical input power of 31 dBm to the RAU, in order to achieve error-free down-converted signal at the MS. Other signal fading effects between the RAU and MS were not included in the simulation since this is out of the scope of this paper. 
V. COMPARISON WITH DSB, OCS, AND SSB SCHEMES
In this section, we compared the proposed scheme with the DSB, OCS, and SSB optical mm-wave schemes by using VPI Transmission Maker V7.5. To simplify the comparison, 10-Gb/s NRZ baseband data modulated on a 80-GHz carrier was used in all cases. The simulation parameters of the proposed scheme were described in Section IV. Since the performances of the optical mm-wave signals depend on the optical generation methods, we arbitrary divided the generation methods into two categories. Fig. 10 shows the first category of optical mm-wave generation using DSB, SSB, and OCS as described in [26] , with the corresponding simulated output optical spectra (resolution 0.01 nm). Baseband data signal was generated by the first MZM driven by a 10-Gb/s electrical NRZ signal. For the DSB modulation scheme, the second MZM was biased at 0. 5 , and the frequency of the driven RF signal was 80 GHz. A dual-arm MZM was used to achieve the SSB modulation, as shown in Fig. 9(b) . The two electrical RF signals to drive the dual-arm MZM had a phase shift, and was dc biased at 0. 5 . When the phase difference of the two electrical RF signals to drive the dual-arm MZM was , and the dc bias was at , OCS modulation is achieved, as shown in Fig. 9(c) . All the signals were detected by using optical Rx with Bessel third-order BPF at center frequency of 80 GHz and BW of 20 GHz.
As shown in Fig. 10(a) , for the DSB optical mm-wave, the electrical current in the Rx is generated by three lightwaves at , where the and are the frequencies of the optical carrier and the modulation, respectively. Hence, it suffers from both fading and the code time-shifting [ Fig. 11(a) ]. In this category of generation methods, we can observe from Fig. 10 that the optical spectra of the SSB and OCS are similar. There are two dominant tones in each signal ( and , in the SSB modulation; and and in the OCS modulation). The transmission distance of the SSB and OCS are limited due to the code time shifting by the two dominant tones, as shown in Fig. 11(b) and (c) . For the proposed approach as shown in Fig. 11(d) , we can observe that the envelope of the signal can maintain the shape. Then, we studied the second category of mm-wave generation, as shown in Fig. 12 . The DSB signal was generated via an MZM which was driven by an electrical mixed signal of the baseband 10-Gb/s NRZ and the 80-GHz clock, as shown in Fig. 12(a) . The SSB signal was generated by using an offset optical bandpass filter (OBF) (Gaussian shaped, 20-GHz 3-dB bandwidth, offset by 120 GHz) to suppress one sideband ( 20 dB) of the optical DSB signal, as shown in Fig. 12(b) . Fig. 13 shows the simulated time traces of the optical mm-wave signal generated in the second category using RF mixer. We can observe that the DSB signal [ Fig. 13(a) ] also suffers from both fading and the code time shifting. However, the SSB signal generated by using a RF mixer and an offset OBF [ Fig. 13(b) ] performs much better than that in the first category (using cascaded MZMs) [ Fig. 10(b) ]. The SSB generated using an RF mixer and offset OBF performs as well as the proposed scheme. By studying the optical spectrum of the SSB signal generated in the second category, we can observe that the center wavelength is mainly dc component [ Fig. 12(b) ]. It is different from the case of SSB generated by using cascaded MZMs [ Fig. 10(b) ], which hence suffers form code time shifting.
VI. CONCLUSION
Colorless RAU with optical carrier generated and distributed from the HE is an attractive network architecture. We proposed and demonstrated a novel bidirectional ROF system using a reference signal distribution to mitigate signal fading and code time shifting. Experimental characterization of the RSOA-based remodulation unit and the 40-GHz optical reference signal is also performed. A signal remodulation scheme using downstream DPSK and upstream OOK was demonstrated in a 20-km reach ROF system. Numerical simulations were performed to compare the proposed scheme with DSB, OCS, and SSB. Simulation results show that the SSB generated using an RF mixer and offset OBF performs as well as the proposed scheme. The proposed scheme requires dual-wavelength laser or other PLL, and this may increase the complexity and the cost of the system. We believe that the proposed scheme using separate data and reference signals could be an alternative to mitigate fiber chromatic dispersion, particularly when the mm-wave frequency is becoming higher and higher, and the cost of the high-frequency RF mixer will be much higher than the cost of the PLL.
